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ANKLE-FOOT ORTHOSIS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 60/564,728, filed Apr. 23, 2004.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

The U.S. Government has a paid-up license 1n this inven-
tion and the right in limited circumstances to require the
patent owner to license others on reasonable terms as

provided for by the terms of Grant No. H133E003001
awarded by the U.S. Department of Education.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an improved ankle-foot
orthosis for supporting the foot and ankle of a user. The
orthosis of the present invention assists the user 1n plantar
flexion and/or dorsiflexion extension of the user’s foot while
simultaneously controlling medial and lateral ankle stifiness
as well as torsion of the ankle 1n the coronal plane.

2. Discussion of Related Art

Presently available ankle-foot orthoses are limited,
because the orthoses cannot be customized to specifically
address a specific user’s dorsiflexion and plantar flexion
stiflness needs to any significant or acceptable degree. The
dorsitlexion stifiness of current orthoses 1s generally con-
stant or decreases with increasing ankle angle, that 1s, the
angle between a line passing between a user’s knee and
ankle and a horizontal line also passing through the ankle, as
the foot dorsitlexes. The dorsiflexion stifiness of a normal
human foot increases dramatically with increasing ankle
angle. As a result, for users needing an orthosis that matches
the dorsiflexion stiflness of the normal human foot, the
presently available orthoses are unsatisiactory, leaving some
users with reduced mobility and a decreased quality of life.

A Turther drawback of current orthoses relates to plantar
flexion stiflness. An orthosis having low plantar flexion
stiflness allows many users to walk more easily. However,
currently available orthoses, other than some articulated
orthoses, have a plantar flexion that 1s much higher, making
walking and general mobility more diflicult, and decreasing,
the user’s quality of life. Additionally, dorsitlexion and
plantar flexion stops, those features that prevent the orthoses
from moving beyond a certain point in dorsitlexion and
plantar tflexion, respectively, provided in the presently avail-
able orthoses are rigid. Consequently, the stops cause the
transmission of large forces into the user’s body when the
stops engage, and, over time, the relatively large forces
damage a user’s knee and hip joints.

SUMMARY OF THE INVENTION

The present invention addresses these problems, as well
as others, by creating gradual dorsiflexion and plantar flex-
ion stops as a user’s foot 1s articulated 1n dorsitlexion and
plantar flexion, respectively.

According to a first aspect of the invention, the present
invention comprises at least one strut member, a calf shell
disposed at an upper end of the at least one strut member, a
toot shell disposed at a lower end of the at least one strut
member, a plurality of segments disposed between the calf
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shell and the foot shell, gaps formed between two adjacent
segments, an uppermost segment and the calf shell, and a
lowermost segment and the foot shell, wherein, 1n dorsiflex-
ion, a width of the gaps between front edges of the adjacent
segments decreases until the front edges of the adjacent
segments contact each other, increasing dorsiflexion stifl-
ness and creating a gradual dorsiflexion stop, and further
wherein, 1n plantar flexion, a width of the gaps at back edges
of the adjacent segments decreases, increasing plantar flex-
ion stiflness and creating a gradual plantar flexion stop.
According to a second aspect of the invention, spacers are
disposed within the gaps, wherein the spacers compress 1n
dorsitlexion and plantar flexion as the widths of the gaps at
the front and back edges decrease, causing the stifiness of
the orthosis to increase. Further, 1n a preferred embodiment,
t
t

e gaps progressively increase in width from a lower end of
ne orthosis to an upper end wherein the gaps at the lower
end are narrower than the gaps at the upper end. Therefore,
in dorsiflexion or plantar flexion, the gaps close 1n series
beginning at the lower end, wherein a gradual dorsiflexion
or plantar tlexion stop 1s formed.

According to a third aspect of the invention, front edges
of the segments contact each other during dorsiflexion,
wherein the effective length of a flexing portion of the
orthosis 1s reduced, which causes the orthosis stiflness to
increase according to well known and understood beam
bending principles. In plantar flexion, according to an
embodiment, rear edges of the segments also contact each
other, wherein the effective length of a flexing portion of the
orthosis 1s reduced, causing the orthosis stiflness to increase
according to well known and understood beam bending
principles. In an alternate embodiment having spacers pro-
vided within the gaps, the rear edges of the segments come
into contact during plantar tlexion, compressing the spacers
therebetween, changing the eflective length of the flexing
portion, and increasing the plantar tlexion stiflness.

According to a fourth aspect of the invention, the ankle-
foot orthosis includes a hinge between, for example, the foot
shell and a lowermost segment, wherein the hinge eliminates
substantially all stifiness of the orthosis in both plantar
flexion and dorsiflexion at a location where the hinge 1s
provided.

According to a fifth aspect of the present invention, the
ankle-foot orthosis includes elastic members extending from
the calf shell to the foot shell to provide a dorsitlexion bias.
According to a preferred embodiment, the elastic members
extend through coincident openings in a front portion of the
segments.

According to a sixth aspect of the invention, the foot shell
includes a toe extension at a front end thereof.

According to a seventh aspect of the invention, the
ankle-foot orthosis includes straps for securing the orthosis
to the user.

According to a eighth aspect of the invention, the ankle-
foot orthosis includes a liner provided on a surface of the
orthosis that contacts a posterior surtace of a lower leg and
a lower foot surface of a user.

According to an ninth aspect of the invention, the ankle-
foot orthosis further includes an adjustment mechanism
provided between the calf shell and an uppermost segment
for expanding or narrowing the width of the gap therebe-
tween. Expanding the width of the gap 1n which the adjust-
ment mechamism 1s provided correspondingly narrows the
widths of the gaps therebelow, compresses the spacers
disposed between opposing surfaces defining the gaps, and
increases the stiflness the orthosis. Narrowing the width of
the gap 1n which the adjustment mechanism 1s provided
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correspondingly expands the widths of the gaps therebelow,
decompresses the spacers disposed between the opposing
surfaces defining the gaps, and decreases the stifiness of the
orthosis. In one embodiment, the adjustment mechanism 1s
a threaded rod and locknut combination. Alternately, the
adjustment mechanism 1s a twist draw mechanism.

According to a tenth aspect of the present invention, an
alternate embodiment of the ankle-foot orthosis includes a
strut member, a calf shell disposed at an upper end of the
strut member, a foot shell disposed at a lower end strut
member, and a plurality of segments disposed between the
calf shell and the foot shell along front and back surfaces of
the strut member forming gaps therebetween. In dorsitlex-
ion, a width of the gaps at front edges thereof decrease until
the front edges of the segments contact each other, increas-
ing dorsiflexion stiflness and creating a gradual dorsiflexion
stop. In plantar flexion, a width of the gaps at back edges
thereol decreases, increasing plantar flexion stiflness and
creating a gradual plantar tlexion stop.

In a further embodiment, the segments are integrally
formed on the front and back surface in the strut member.
Alternately, the segments are secured to the front and back
surfaces of the strut member by fasteners or an adhesive.

In a preferred embodiment, the gaps progressively
increase in width from a lower end of the orthosis to an
upper end wherein the gaps at the lower end are narrower
than the gaps at the upper end. Therefore, 1n dorsitlexion or
plantar flexion, the gaps close in series, beginning at the
lower end to define a gradual dorsiflexion and plantar flexion
stop. Further, the foot shell includes an optional toe exten-
sion and straps for securing the orthosis to the user.

It 1s an additional aspect of this invention to be 1ncorpo-
rated mto various types of footwear for non-disabled users,
wherein the invention would perform the function of the calf
muscle to reduce muscle fatigue and enhance physical
performance of the user, such as endurance.

Additional aspects, advantages, and novel features of the
invention will be better understood as set forth in the
tollowing description and accompanying drawings and will
also become apparent to those skilled mm the art upon
examination of the following or upon learming by practice of
the 1nvention.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a perspective view ol an ankle-foot orthosis
device according to a first embodiment of the present
invention;

FIG. 2 1s a back view of the ankle-foot orthosis shown in
FIG. 1;

FIG. 2A 1s a back view of the ankle-foot orthosis having
spacers formed on corresponding segments;

FIG. 2B 1s a detailed view of the spacers formed on the
corresponding segments shown 1 FIG. 2A;

FIG. 3 1s a view taken along line 3-3 1n FI

FI1G. 4 1s a view taken along line 4-4 1n FIG. 1;

FIG. 5 1s a view taken along line 5-5 in FIG. 1;

FIG. 6 1s a perspective view of a first embodiment of a
spacer of the ankle-foot orthosis shown in FIG. 1;

FIG. 7 1s a perspective view ol an ankle-foot orthosis
according to second embodiment of the present ivention;

FIG. 8 1s an enlarged view of a first embodiment of an
adjustment mechanism of the present imnvention;

FIG. 9 1s an enlarged view of the adjustment mechanism
shown 1n FIG. 8, wherein the adjustment mechanism 1s 1in an
extended state:

L]
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FIG. 10 1s an enlarged view of a second embodiment of
an adjustment mechanism of the present mnvention;

FIG. 11 1s an enlarged view of the adjustment mechanism
shown 1 FIG. 10, wherein the adjustment mechanism 1s 1n
an extended state:

FIG. 12 1s a side view of an ankle-foot orthosis according
to the first embodiment of the present invention;

FIG. 13 1s a side view of an ankle-foot orthosis according,
to a third embodiment of the present invention;

FIG. 14 1s a top view of a foot shell of the ankle-foot
orthosis shown 1n FIG. 13;

FIG. 15 1s a top view of a segment of the ankle-foot
orthosis shown 1n FIG. 13;

FIG. 16 1s a top view of a calf shell of the ankle-foot
orthosis shown 1n FIG. 13;

FIG. 17 1s a side view of an ankle-foot orthosis according,
to a fourth embodiment of the present invention;

FIG. 18 1s a back view of an ankle-foot orthosis shown 1n
FIG. 17;

FIG. 19 1s a view taken along line 19-19 1n FIG. 18;

FIG. 20 1s a view taken along line 20-20 1n FIG. 18;

FIG. 21 1s a view taken along line 21-21 1n FIG. 18;

FIG. 22 1s a side view of a fifth embodiment of an
ankle-foot orthosis according to the present invention;

FIG. 23 1s a back view of the ankle-foot orthosis shown
in FIG. 22;

FIG. 24 1s a perspective view of a spacer of the ankle-foot
orthosis shown 1n FIG. 22;

FIG. 25 1s a view taken along line 25-25 in FIG. 23;

FIG. 26 1s a view taken along line 26-26 1n FIG. 23;

FIG. 27 1s a view taken along line 27-27 1n FIG. 23;

FIG. 28 1s a perspective view of a sixth embodiment of the
ankle-foot orthosis according to the present invention;

FIG. 29 1s a back view of the ankle-foot orthosis shown
in FIG. 28;

FIG. 30 15 a side view of the ankle-foot orthosis shown 1n
FIG. 28.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

The present invention relates to an ankle-foot orthosis
(“orthosis) worn by a user on a lower leg and ankle region
of the user’s body. The orthosis supports and assists users
who have difficulty 1n manipulating a foot in dorsiflexion
and plantar flexion. Additionally, a user having no such
difliculty can use the orthosis to assist normal plantar flexion
and dorsitlexion movement of the user’s lower leg and foot,
which may enhance the user’s performance and endurance
of the lower leg and foot.

FIGS. 1 and 2 illustrate an orthosis according to a first
embodiment of the present invention. The orthosis includes
a strut 10 having a foot shell 20 attached to a lower end and
a calf shell 30 attached to an upper end. Optionally, the foot
shell 20 may include a toe extension 40 for supporting a
user’s toes, 11 such support 1s needed by the user. A plurality
of segments 30 extends from the calf shell 30 to the foot
shell 20 along a vertical length of the strut 10. In a preferred
embodiment, the foot shell 20, calf shell 30, and segments
50 have U-shaped cross-sections. Further, the orthosis
includes an adjustment mechanism 200 for adjusting the
stiffness of the orthosis, which 1s described 1n more detail
below.

Referring to FIG. 3, the segment 50 includes a passage-
way 60 extending vertically through a back portion thereof,
a pair of front edges 160, and a back edge 300. The

passageway 60 1s configured to accommodate a portion of
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the strut 10 passing therethrough. As shown i FIG. 4, the
toot shell 20 also includes an opening 70 extending through

a back portion thereot, the optional toe extension 40, a liner
100, and a back edge 302. As with the segment 50, the
passageway 70 of the foot shell 20 1s configured to accom- >
modate a lowermost portion of the strut 10 thereon.

FIG. 5 1llustrates a bottom view of the calf shell 30, which
includes a passageway 80 extending vertically through a
posterior portion thereof and a back edge 304. A lower end
of the strut 10 1s insertable nto the opening 70, while an

upper end of the strut 10 1s 1nsertable into the passageway
80. Preferably, the foot shell 20 and the calf shell 30 fixably

attach to the strut 10 via fasteners 90, as 1llustrated 1n FIG.

2. However, 1t 1s within the scope of the invention that the {5
strut 10 be fixably attached to at least one of the foot shell

20 and calf shell 30 with, for example, an adhesive or by
being insert molded therein at the time of manufacture. It 1s
also within the scope of the invention to fittably attach the
strut to the foot shell 20 and/or the calf shell 30 via any other 20
suitable known, or future developed, manner

10

Referring to FIG. 1, a limner 100 1s secured to an upper
surface of the foot shell 20, anterior surtaces of the calf shell
30 (not shown), and anterior surfaces of the segments 50
(not shown). Preferably, the liner 100 1s a relatively thin
padding material that conforms to the user, providing a
comiortable form fit and cushioning. The liner 100 also
reduces rubbing between the orthosis and user’s lower leg
and foot, to improve the comiort of the orthosis. Further, the
portion of the liner 100 attached to the calf shell 30 helps
prevent the user’s lower leg from being pinched between
neighboring segments 30. Ideally, the liner 100 attaches to
the orthosis by an adhesive, for example.

25

30

In one embodiment, the strut 10 1s a long, slender member
having a rectangular cross-section. However, it 1s within the
scope of the present invention that the cross-section of the
strut 10 be circular, semi-circular, crescent, trapezoidal,
triangular, pentagonal, hexagonal, elliptical, or any suitable
geometric shape. Further, in a preferred embodiment, the
strut 10 1s formed from a Garolite® compression molded
carbon fiber epoxy laminate or a pultruded carbon fiber
epoxy composite rod, each of which has a high rigidity and
1s relatively lightweight. However, 1t 1s within the scope of
the present invention that the strut 10 can be formed from
any material having suitable rigidity. Such maternials include,
for example only, a metal or a polymer, such as, for example,
polyethylene or deldrin. The material selected for the strut
10 depends upon the amount of rigidity needed by the user.
The foot shell 20, calf shell 30, and segments 30 are formed
from a composite material, such as fiberglass or a carbon
fiber epoxy composite. However, polymers such as, for
example, polyethylene or polypropylene can also be used to
form the foot shell 20, calf shell 30, and the segments 50.

Referring to FIG. 2, a spacer 110 1s provided between 55
adjacent segments 50; between an uppermost segment 50
and the calf shell 30; and between a lowermost segment 50
and the foot shell 20, with gaps 120 formed therebetween.
Each gap 120 has a gap width 130 and a gap length 140 as
shown 1n FIGS. 2 and 3, respectively. 60

35

40

45

50

FIG. 6 1llustrates an exemplary embodiment of the spacer

110 having a vertically extending passageway 150 through
a central portion thereof. The strut 10 extends through the

passageway 130, wherein each spacer 110 surrounds a

portion of the outer periphery of the strut 10. The gap width 65
130 generally corresponds to a vertical thickness of the

corresponding spacer 110. The gap length 140, 1llustrated 1n

6

FIG. 3, 1s measured perpendicularly from a line C provided
on a surface of strut 10 that 1s normal to the front edge 160
of the segment 50.

Alternately, spacers 110" are integrally formed on a cor-
responding segment 50', as illustrated in FIG. 2A. The
spacers 110' include a rounded edge 155 that rollingly
engages a neighboring 30', as illustrated in FIG. 2B.

The material used for the spacers 110 can be selected
depending on the intended use or needs of the user. Where
a low ngidity 1s desired or needed, the spacers 110 can be
formed from a flexible material, such as, for example only,
rubber. Alternatively, a metal, such as, for example only,
steel or alumimum, or a stifl plastic, such as, for example
only, polyethylene, can be used when a higher rigidity 1s
desired and/or needed. However, it 1s within the scope of the
present invention to use any suitable material for the spacers
110. Additionally, while the spacer 110 1s 1llustrated in FIG.
6 as having a rectangular shape, it 1s within the scope of the
invention that the spacers 110 can have any shape, such as,
for example only, trnangular, trapezoidal, crescent, circular,
semi-circular, pentagonal, elliptical and hexagonal.

In a preferred embodiment, each gap width 130 1s wider
than the gap width 130 immediately thereunder but narrower
than the gap width immediately thereabove. However, 1t 1s
within the scope of the invention that the gap widths 130 be
ol any size, such as, for example only, the gap widths 130
could be of equal widths or varying widths.

An upper surface of the foot shell 20 can be generically
shaped or custom {fit to a lower surface of a user’s foot. A
front surface of the calf shell 30 1s configured to abut a
posterior of a user’s lower leg and can also be generically
shaped or custom fit according to the dimensions of the
user’s leg.

Referring to FIG. 1, straps 170 and 180 are provided on
the foot and calf shells 20 and 30, respectively, for securing
the orthosis to the user’s leg. The straps 170 and 180 are
secured to the orthosis on one side of a front opening 183 of
the orthosis. An attachment mechanism 190 removably
secures the straps 170 and 180 to respective mating surfaces
on an opposite side of the front opening 185 to secure the
orthosis to the user.

In a preferred embodiment, the attachment mechanism
190 includes a hook and loop fastener, wherein one end of
strap 180 attaches to the calf shell 30, such as with an
adhesive or fasteners (not shown), and wraps around an
anterior of the lower leg. A second end of the strap 180
includes the hook and loop fastener on an inner surface
thereol that engages a corresponding hook and loop fastener
provided, for example, on an outer surface of the calf shell
30 or on an outer surface of the strap 80 to secure the lower
leg 1nto the calf shell 30.

In an alternate embodiment as shown 1n FIG. 7, the strap
180 wraps around the anterior of the lower leg, passes
through a loop 195 atlixed to the calf shell 30 and then folds
back over an upper surface of the strap 180, wherein a hook
and loop fastener on an outer strap surface near a free end
of the strap 80 engages a corresponding hook and loop
fastener also on the outer strap surface. Other examples of
the attachment mechanism 190 include, for example only,
snap fasteners or a buckle. However, it 1s within the scope
of the invention that the attachment mechanism 190 be any
structure now 1n existence or herealter developed that 1s
capable of securing the calf shell 30 to a user’s lower leg.

Again referring to FIG. 1, the strap 170 1s positioned near
a back end of the foot shell 20 and at approximately a 45°
angle from horizontal wherein the strap 170 wraps over an
upper surface of the user’s foot near the ankle region.
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Ideally, the attachment mechanism 190 for securing the strap
170 1s 1dentical to that used for the strap 180. However, 1t 1s
within the scope of the present invention that the strap 170
use an attachment mechanism 190 different from that used
with the strap 180, be located anywhere on the foot shell 20,
and be positioned at any angle. It 1s also within the scope of
the invention to provide additional straps and corresponding,
attachment mechanisms, such as those disclosed above, at
other locations on the orthosis to secure the orthosis to a
user. Once strapped on, the user can thereafter put on an
article of footwear. Alternately, the orthosis could be integral
to an article of footwear.

The adjustment mechanism 200 for adjusting the stifiness
of the orthosis 1s now described. Referring to FIGS. 8-9, one
embodiment of the adjustment mechanism 200 includes
threaded rods 210 and locknuts 220. The threaded rods 210
are retained within openings 230 provided 1n a lower surface
of the calf shell 30 and coaxial openings provided 1n an
upper surface of the segment 50 adjacent to the calf shell 30.
The locknuts 220 are raised and lowered over the threaded
rods 210 by rotating the locknuts 220 clockwise or coun-
terclockwise. One locknut 220 abuts the lower surface of the
calf shell 30 while a second locknut 220 abuts the upper
surface of the adjacent segment 30.

When the locknuts 220 are rotated, wherein the locknuts
220 to move 1n opposite directions away irom each other, the
calf shell 30 and adjacent segment 50 correspondingly move
away from each other, compressing the spacers 110 1n the
gaps 120 above and below the adjustment mechanism 200.
The calf shell 30 and adjacent segment 50 will continue to
move away from each other only to the extent the spacers
110 are compressible. By adjusting the locknuts 220 1n this
manner, the orthosis becomes stifler because the spacers 110
are compressed and front edges 160 of the segments 50
come 1nto contact sooner as the user’s foot dorsiflexes and
a range ol motion of the user’s ankle in both dorsitlexion and
plantar flexion 1s reduced.

Alternatively, when the locknuts 220 are rotated causing
the locknuts 220 to move towards each other, the calf shell
30 and adjacent segment 50 move towards each other. The
calf shell 30 and adjacent segment 50 will continue to move
towards each other only until the lower surface of the calf
shell 30 and the upper surface of the adjacent segment 50
contact the spacer 110. Therefore, as the locknuts 220 move
towards each other, the spacers 110 become less com-
pressed, the gap widths 130 of gaps 120 increase, and the
segments 50 move upwards along the strut 10 causing the
orthosis to become less stifl. Moreover, the range of motion
of the user’s ankle 1n both dorsiflexion and plantar flexion
increases. While the above-described embodiment of the
adjustment mechanism 1s provided 1n the gap 120 between
the calf shell 30 and adjacent segment 350, 1t 15 within the
scope of the present mvention that the adjustment mecha-
nism 200 comprising the threaded rods 210 and locknuts 220
could be located within other gaps 120.

FIGS. 10 and 11 illustrate a second embodiment of the
adjustment mechanism 200', which includes a twist draw
mechanism 230. The mechanism 230 1s essentially a twist
draw latch, sometimes referred to as a buttertly latch. In one
embodiment of the mechanism 230, a rotatable member 240
causes a pin 250 attached at a radius of the rotatable member
240 to slide within a slots 260 and 270 provided 1n a frame
member 280 and a slide 290, respectively. The slot 260
restricts the amount of rotation that rotatable member 240
may rotate. The slide 290 1s constrained horizontally but not
vertically. Therefore, as the pin 250 follows a circular
motion of the rotatable member 240 within slot 260, the pin
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250 freely moves horizontally within the slot 270, forcing
the slide 290 to move vertically within the frame member
280. As a result, the circular motion 1s translated into a
purely vertical motion. Consequently, when the mechanism
230 1s attached to the posterior of the calf shell 30, for
example, a lower edge of the slide 290 abuts an upper
surface of the adjacent spacer 110. When the rotatable
member 240 1s turned, the slide 290 moves downward,
compressing the spacer 110, forcing the adjacent segment 50
downward, and so on. As a result, the gap widths 130 of the
gaps 120 below the mechanism 230 decrease, making the
orthosis stiffer and reducing the range of motion of the user’s
ankle 1n both dorsiflexion and plantar flexion.

While an exemplary embodiment of the twist draw
mechanism 230 1s disclosed above, one of ordinary skill in
the art would recognize other obvious iterations thereof.
Accordingly, the present invention extends to all such
embodiments of the twist draw mechanism 230. Further, the
adjustment mechanism 200 and 200' 1s not limited to the two
above-described embodiments but, rather, extends to any
and all structure now i1n existence or hereafter created
capable of changing the gaps widths 130 of the gaps 120.

Referring to FIG. 12, a flexing portion of the orthosis
including the strut 10, the calf shell 30, the segments 50, and
spacers 110 forms a beam having an effective length L. As
the user’s foot dorsiflexes, the gap widths 130 decrease
progressively along the gap length 140 (FIG. 3), compress-
ing the spacers 50, wherein the greatest decrease 1n the gap
widths 130 occurs at the front edges 160. Because the gap
widths 130 at a lower end of the orthosis are narrower than
those higher up, the front edges 160 of the lowermost
segment 40 and foot shell 20 begin contacting each other
sooner, changing the eflective length L of the beam. The
change 1n eflective length L causes an increase 1n stiflness
according to beam bending principles known to those of
ordinary skill in the art. As the gaps 120 higher up, 1.e.,
further from the foot shell 20, continue to close at the front
edges 160, the eflective length L continues to progressively
decrease, making the orthosis stiffer, creating a gradual
dorsitlexion stop, and reducing the magnitude of any forces
transmitted through the user’s body.

Referring to FIGS. 3-4 and 12, 1n plantar flexion, the rear
edge 300 of the lowermost segment 50 1s forced towards the
rear edge 302 of the foot shell 20. The rear edges 300 of
adjacent segments 50 are also forced towards each other.
Further, the rear edge 300 of the uppermost segment 50 1s
also forced toward the rear edge 304 of the calf shell 30.
Consequently, the gaps 120 narrow, compressing the spacers
110 provided therein. Initially, the lowermost gap 120 adja-
cent to the foot shell 20 and having the smallest gap width
130 decreases until the spacer 110 provided therein can no
longer be compressed. Next, the gap 120 immediately above
stops closing, because the spacer 110 provided therein can
also no longer be compressed. Thereafter, the gaps 120
thereabove similarly stop closing in order, beginning with
the lower, narrower gaps 120 and finishing with the larger
gaps 120 near the calf shell 30. Therefore, as plantar flexion
increases, the eflective length L of the flexing portion
decreases, causing the orthosis to progressively become
stifler. Further, changing the effective length L creates a
gradual plantar tlexion stop and reduces the magnitude of
any forces transmitted through the user’s body.

A third embodiment of the present invention is 1llustrated
in FIG. 13. In such an embodiment, a hinge 310 1s provided
between a foot shell 320 and a lowermost segment 330,
wherein one end of the hinge 310 1s inserted into an opening
340 extending vertically through a posterior portion of a foot
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shell 320 and a second end 1s 1nserted into a passageway 350
extending vertically through a lower portion of the lower-
most segment 330. A lower end of a strut 360 occupies an
upper portion of the passageway 350 in the lowermost
segment 330. Alternately, the hinge 310 can be located
between any two adjacent segments 330. The hinge 310 can
also be disposed between a calf shell 370 and the uppermost
segment 330. Further, 1t 1s within the scope of the present
invention that more than one hinge 310 be used.

The hinge 310 eliminates essentially all stifiness of the
orthosis 1n both dorsiflexion and plantar tlexion at a location
where the hinge 310 1s disposed, until, 1n dorsitlexion, front
edges 400 of the segment 330 above the hinge 310 contacts
front edges 395 of the foot shell 320. Additionally, the
orthosis includes an adjustment mechanism (not shown)
similar to the adjustment mechanism 200 described above,
such as a threaded rod 220 and locknut 220 combination or
a twist draw mechanism 230, to adjust the stiffness of the
orthosis.

Referring to FIGS. 13-16, elastic members 380 can be
provided, which extend through openings 390 formed in
cach of the calf shell 370, foot shell 320, and segments 330.
The elastic members 380 attach to the calf shell 370 at one
end and the foot shell 320 and an opposing end, but
otherwise extend freely and unrestrained through the open-
ings 390. The elastic members 380 are formed from any
suitable elastomeric material, such as, for example only,
rubber. The elastic members 380 provide a dorsitlexion bias
suilicient, for example, to counteract the weight of the user’s
foot.

As a result of the hinge 310 and elastic members 380, the
user 1s able to easily articulate the foot 1n plantar flexion. A
user 1s also easily able to articulate the foot 1n dorsiflexion
until the front edges 395 of the foot shell 320 contact front
edges 400 of the lowermost segment 330. Therealter, resis-
tance to dorsitlexion motion increases as the segments 330
begin to contact each other at respective front edges 400. An
orthosis of this type can assist users such as those who sufler
from severe calf and hip weakness as well as low spasticity.

A Tourth embodiment of the present invention includes a
plurality of struts 440. FIGS. 17-21 illustrate an orthosis
having a foot shell 410, a calf shell 420, segments 430, and
struts 440. The struts 440 can be formed from the same types
of matenals described above for a single strut and operate 1n
essentially the same fashion as a single strut. Additionally,
cach of the plurality of struts 440 can have a cross-section
of any shape. Referring to FIGS. 18, 19, and 20, a lower end
of each strut 440 1s inserted into vertically extending open-
ings 450 provided 1n a back portion of the foot shell 410, and
an upper end 1s inserted 1nto vertically extending passage-
ways 460 provided 1n a back portion of the calf shell 420.
Referring to FIGS. 18 and 21, the struts 440 retain the
segments 430 by extending through vertically extending
passageways 470 provided 1n a back portion thereof. The
toot shell 410 and the calf shell 420 are fixably attached to
the struts 440 by any one of fasteners, an adhesive, an
interference fit, being insert molded therein at the time of
manufacture, or any other manner now known or hereafter
developed. Additionally, while an exemplary embodiment
having four struts 440 i1s shown in FIGS. 17-21, 1t 1s
envisioned that the present invention can have any number
ol struts.

Each strut 440 retains a plurality of spacers 480 by
extending through openings 490 provided in a central por-
tion of the spacers 480. The spacers 480 are provided
between each segment 430, the uppermost segment 430 and
the calf shell 420, and the lowermost segment 430 and the

10

15

20

25

30

35

40

45

50

55

60

65

10

foot shell 410. The spacers 480 form gaps 500 having a gap
width 510 and a gap length 520, as explained above. An
orthosis of the present embodiment can also include an
adjustment mechanism (not shown), such as a threaded rod
220 and locknut 220 combination or a twist draw mecha-
nism 230, to adjust the gap widths 510 and, therefore, the
stiflness of the orthosis. Additionally, the orthosis may
include a liner (not shown) secured to an mner surface of at
least one of the foot shell 410, calf shell 420, and the
segments 430; an optional toe extension 330 attached to a
front end of the foot shell 410; and straps (not shown),
similar to straps 170 and 180 described above, provided on
the calf shell 420 and foot shell 410 for securing the orthosis
to a user’s lower leg.

An orthosis having a plurality of struts operates 1n a
similar fashion as the orthosis having a single strut. A tlexing
portion of the orthosis comprising the struts 440, the calf
shell 420, the segments 430, and spacers 480 forms a beam
having an effective length L, shown 1n FIG. 17. As the user’s
foot dorsiflexes, the gap widths 510 of gaps 500 progres-
sively decrease along the gap length 520, compressing the
spacers 480, wherein the greatest decrease in the gap width
510 occurs at the front edges 540. Because the gap widths
510 of the gaps 500 at a lower end of the orthosis are smaller
than the gap widths 510 higher up, the front edges 540 of the
lowermost segment 430 and foot shell 410 begin contacting
cach other sooner, changing the eflective length L of the
beam. The change 1n effective length L causes an increase in
stiflness according to beam bending principles known to
those of ordinary skill 1n the art. As the gaps 500 higher up
continue to close at the front edges 540, the eflective length
L. continues to progressively decrease making the orthosis
stifler, creating a gradual dorsitlexion stop, and reducing the
magnitude of any forces transmitted through the user’s body.

Referring to FIGS. 19-21, in plantar flexion, a rear edge
550 of the lowermost segment 430 1s forced towards a rear
edge 552 of the foot shell 410. Similarly, the rear edges 550
of adjacent segments 430 are also forced towards each other.
Further, the rear edge 550 of the lowermost segment 430 1s
forced towards a rear edge 554 of the calf shell 420. As a
result, the corresponding gap widths 510 narrow, compress-
ing the associated spacers 480. Initially, the lowermost gap
500 adjacent to the foot shell 410 and having the smallest
gap width 510 decreases until the spacer 480 provided
therein can no longer be compressed. Next, the gap 500
immediately above stops closing because the spacer 480
provided therein can also no longer be compressed. There-
alter, the gaps 500 thereabove similarly stop closing 1n order,
beginning with the lower, narrower gaps 500 and finishing
with the larger gaps 500 near the calf shell 420. As a result,
the eflective length L of the flexing portion decreases with
increased plantar flexion, causing the orthosis to progres-
sively become stiffer, creating a gradual plantar flexion stop,
and reducing the magnitude of any forces transmitted
through the user’s body.

An orthosis having a plurality of struts can optionally
include a hinge 660. FIGS. 22-27 illustrate an orthosis
comprising a foot shell 560, a calf shell 570, and a plurality
of segments 580 provided therebetween. Struts 390 extend
from the calf shell 570 to the lowermost segment 380 by
passing through openings 600 and passageways 610 pro-
vided therein, respectively. One end of the struts 590 1s
secured to the calf shell 570 while an opposing end 1s
attached to the lowermost segment 580 above and adjacent
to the foot shell 560. A plurality of spacers 620 are retained
by the struts 590 and are disposed between adjacent seg-
ments 580 and the uppermost segment 580 and the calf shell
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570. FIG. 24 illustrates a spacer 620 having a central
opening 630 formed therein. The struts 590 pass through the
openings 630 1n each spacer 620. Gaps 640 having a gap
width 650 substantially corresponding to a thickness of the
spacers 620 are formed between adjacent segments 380, and
the uppermost segment 580 and the calf shell 570.

The gap widths 650 of the gaps 640 increase 1n size with
increasing distance from the foot shell 560. A hinge 660 1s
provided 1n a gap 640, such as the gap 640 formed between
the foot shell 560 and the lowermost segment 380. Referring,
to FIGS. 22, 25, and 27, one end of the hinge 660 1s mserted
into a vertically extending opening 670 1n a lower surface of
the lowermost segment 580 and a second end 1s 1nserted into
a vertically extending opening 680 1n an upper surface of the
toot shell 560. The hinge 660 1s secured to the orthosis with
tasteners 690 or an adhesive, for example. The hinge 660
climinates substantially all stiffness of the orthosis 1n both
dorsiflexion and plantar flexion at a location where the hinge
660 1s disposed, until, 1n dorsitlexion, front edges 730 of the

segment 380 above the hinge 660 contacts front edges 720
of the foot shell 560.

The orthosis also includes elastic members 700 that
extend from the calf shell 570 to the foot shell 560. The
clastic members 700 extend through openings 710 provided
in each of the calf shell 570, foot shell 560, and segments
580. An end of the elastic members 660 are aflixed to both
the call shell 570 and the foot shell 560, but otherwise
extend freely and unrestrained through the openings 710.
The elastic members 700 are formed from any suitable
elastomeric material, such as rubber. Further, the elastic
members 700 provide a dorsitlexion bias as described above
and can assist users suflering from severe call and hip
weakness as well as low spasticity.

Additionally, the orthosis may include a liner (not shown),
a toe extension 715, and straps, each of which performs a
similar function as the corresponding features described
above with respect to the first embodiment of the present
invention. Discussion of these features 1s omitted herefrom
to avoid redundancy.

An orthosis having a hinge 310 and a plurality of struts
590 operates 1dentically to an orthosis having a hinge and
only a single strut, as described with respect to the third
embodiment of the present invention. Discussion of these
features 1s omitted herefrom to avoid redundancy.

A sixth embodiment of the present invention 1s illustrated
in FIGS. 28-30, wherein an orthosis comprises a strut 740
with a foot shell 750 provided at one end and a calf shell 760
provided on an opposite end. The foot shell 750 and calf
shell 760 attach to the strut 740 with fasteners 770, an
adhesive, or by isert molding, for example. The orthosis
also includes straps 780 and 790, similar to straps 170 and
180 described above, attached to the calf shell 760 and foot
shell 750, respectively, for securing the orthosis to a user’s
lower leg. As shown i FIGS. 28 and 29, a plurality of
segments 800 and 810 are provided on anterior and posterior
sides of the strut 740, respectively, and can be itegrally
formed therein or separately attached thereto using fasteners
820. Referring to FIG. 30, gaps 830 and 840 are formed
between adjacent segments 800 and 810, respectively. The
gaps 830 and 840 have gap widths 850 and 860, respectively,
wherein the gap widths 850 and 860 are narrower at a lower
end of the strut 740 and are progressively wider towards an
upper end thereof. However, 1t 1s within the scope of the
present invention that the gap widths 850 and 860 can be any
size along the length of the strut 740. A liner 870 can also
be added to an inner surface of the calf shell 760 and foot
shell 750, such as with an adhesive. The liner 870 1s formed
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from a thin padding material that provides a comiortable
form fit and cushioning. Further, a toe extension 890 can be
attached at a front end of the foot shell 750 to support the
user’s toes.

The orthosis fits to the user’s lower leg, wherein an upper
surface of the foot shell 750 can be generically shaped or
custom {it to a lower surface of the user’s foot. A front
surface of the calf shell 760 1s configured to abut a posterior
surface of the lower leg. The strap 780 extends over an
anterior surface of the lower leg and attaches to the calf shell
via an attachment mechanism 782. The strap 790 extends
over an upper foot surface and attaches to the foot shell 750
via an attachment mechanism 792. In a preferred embodi-
ment, the attachment mechanisms 782 and 792 are a hook
and loop closure. However, 1t 1s within the scope of the
invention that the attachment mechanisms 782 and 792 be
snap fasteners, a buckle, or any structure capable of securing
the calf shell 760 to the user’s lower leg. A piece of footwear
1s then placed onto the foot. Optionally, the orthosis 1is
integrated 1nto a piece of footwear, such as boots.

Referring to FIG. 30, a flexing portion of the orthosis
comprising the strut 740, the calf shell 760, and segments
800 and 810 forms a beam having an effective length L. As
the foot dorsiflexes, the gaps 830 begin to close as front
edges 900 of adjacent segments 800 move towards each
other. Because the gaps 830 near the lower end of the strut
740 are smaller than those towards the upper end, the lower
gaps 830 close first. As dorsiflexion increases, the next
higher gap 830 closes and so on. As a result, the effective
length L. decreases as each gap 830 closes, making the
orthosis gradually stiffer and creating a gradual dorsiflexion
stop. Consequently, the orthosis reduces the magnitude of
forces transmitted into the user.

In plantar flexion, the gaps 840 near the lower end of the
strut 740 close first as rear edges 910 of adjacent segments
810 move towards each other. Because the gaps 840 near the
lower end of the strut 740 are smailer than those towards the
upper end, the lower gaps 840 close first. As plantar flexion
increases, the next higher gap 840 closes and so on. As a
result, the effective length L decreases as each gap 840
closes, making the orthosis gradually stiffer and creating a
gradual plantar flexion stop. As a result, the orthosis reduces
the magnitude of forces transmitted through the user’s body.

While there has been described what are at present
considered to be preferred embodiments of the present
invention, 1t will be understood that various modifications
may be made thereto, and 1t 1s mtended that the appended
claims cover all such modifications as fall within the scope
of the invention. Other modifications will be apparent to
those skilled 1n the art.

What 1s claimed 1s:
1. An ankle-foot orthosis comprising:
at least one strut member;

a calf shell disposed at an upper end of the at least one
strut member;
a Toot shell disposed at a lower end of the at least one strut
member;
a plurality of segments disposed on the at least one strut
member and between the call and foot shells; and
a plurality of gaps, wherein a gap 1s formed between
adjacent segments, a gap 1s formed between an upper-
most segment and the calf shell, and a gap 1s formed
between a lowermost segment and the foot shell.
2. The orthosis according to claim 1, wherein each seg-
ment of the plurality of segments has a U-shaped cross-
section or a substantially rectangular cross-section.
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3. The orthosis according to claim 1, wherein each seg-
ment of the plurality of segments 1s either integrally formed
about the at least one strut member or secured to the at least
one strut member by fasteners.

4. The orthosis according to claim 1, wherein each seg-
ment of the plurality of segments includes a passageway
extending therethrough, and wherein the passageway 1is
configured to receive the at least one strut member therein.

5. The orthosis according to claim 1, further comprising:

a dorsitlexion stop; and

a plantar tlexion stop.

6. The orthosis according to claim 5, wherein the dorsi-
flexion stop 1s defined by front edges of the adjacent
segments engaging each other.

7. The orthosis according to claim 6, wherein the at least
one strut member further comprises an upper portion and a
lower portion, wherein the gaps formed 1n the lower portion
ol the at least one strut member are narrower relative to the
gaps formed 1n the upper portion of the at least one strut
member, and wherein a degree of rigidity of the dorsiflexion
stop 1ncreases as the front edges of adjacent segments in the
upper portion of the at least one strut member engage each
other.

8. The orthosis according to claim 3, wherein the plantar
flexion stop 1s defined by rear edges of the adjacent segments
engaging each other.

9. The orthosis according to claim 8, wherein the at least
one strut member further comprises an upper portion and a
lower portion, wherein the gaps formed 1n the lower portion
ol the at least one strut member are narrower relative to the
gaps formed 1n the upper portion of the at least one strut
member, and wherein a degree of ngidity of the plantar
flexion stop increases as the rear edges ol the adjacent
segments 1 the upper portion of the at least one strut
member engage each other.

10. The orthosis according to claim 1, wherein the at least
one strut member further comprises an upper portion and a
lower portion, and wherein the gaps formed 1n the lower
portion of the at least one strut member are narrower relative
to the gaps formed 1n the upper portion of the at least one
strut member.

11. The orthosis according to claim 1, further comprising:

an adjustment mechanism for expanding or narrowing a

height of each gap, wherein narrowing the height of
cach gap increases a rigidity of the orthosis, and
wherein expanding the height of each gap decreases the
rigidity of the orthosis.

12. The orthosis according to claim 11, wherein narrow-
ing the height of each gap reduces a range of motion of the
orthosis, and wherein expanding the height of each gap
increases the range of motion of the orthosis.

13. The orthosis according to claim 11, wherein the
adjustment mechanism 1s either a threaded rod and locknut
combination or a twist draw mechanism.

14. The orthosis according to claim 1, further comprising:

at least one spacer disposed within each gap and which

encompasses a corresponding portion of the at least one
strut member,

wherein the spacer 1s compressed during dorsitlexion and

plantar flexion as edges of the adjacent segments
engage each other to define a stop, and

wherein the compressed spacer increases a rigidity of the

orthosis.
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15. The orthosis according to claim 14, further compris-
ng:

an adjustment mechanism for expanding or narrowing a

height of each gap to increase or decrease a rigidity of
the orthosis.

16. The orthosis according to claim 15, wherein narrow-
ing the height of each gap reduces a range of motion of the
orthosis, and wherein expanding the height of each gap
increases the range of motion of the orthosis.

17. The orthosis according to claim 1, wherein the ortho-
s1s Turther comprises at least one spacer integrally formed on
a corresponding segment, and wherein each spacer includes
at least one rounded edge that rollingly engages a neighbor-
Ing segment.

18. The orthosis according to claim 1, further comprising:

a liner secured to at least one of an anterior surface of the

foot shell, anterior surfaces of the plurality of segments,
and an anterior surface of the calf shell.

19. The orthosis according to claim 1, further comprising;:

at least one strap for securing the ankle-foot orthosis to a

user.

20. The orthosis according to claim 19, wherein the
ankle-foot orthosis further includes an attachment mecha-
nism for removably attaching the at least one strap to at least
one of the calf shell, the foot shell, and the plurality of
segments.

21. The orthosis according to claim 20, wherein the
attachment mechanism 1s one of a hook and loop fastener, a
buckle, and a snap fastener.

22. The orthosis according to claim 1, further comprising:

at least one hinge provided between at least one of a

lowermost segment and the foot shell, the adjacent
segments, and an uppermost segment and the calf shell;
and

at least one elastic member extending from the calf shell

to the foot shell to provide a dorsitlexion bias.

23. The orthosis according to claim 22, wherein a first end
of the at least one elastic member 1s secured to the foot shell,
a second end of the at least one elastic member 1s secured to
the calf shell, and a remaining portion of the at least one
clastic member extends through aligned passageways pro-
vided in the calf shell, the foot shell, and the plurality of
segments.

24. A method of providing an orthosis comprising at least
one strut member, a calf shell, a foot shell, and a plurality of
segments disposed between the calf shell and foot shell with
gradual stops in dorsiflexion and plantar flexion, the method
comprising the steps of:

forming gaps in the orthosis between at least one of two
adjacent segments, an uppermost segment and the calf
shell, and a lowermost segment and the foot shell,
wherein the gaps formed 1n a lower portion of the at
least one strut member are narrower than gaps formed
in an upper portion of the at least one strut member; and

manipulating the orthosis i one of dorsiflexion and
plantar flexion, wherein edges of adjacent segments
forming the gaps in the lower portion of the at least one
strut member engage belore edges of adjacent segments
forming the gaps in the upper portion of the at least one
strut member engage each other.
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